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Sno Storm in the Nucleolus: Minireview
New Roles for Myriad Small RNPs
Christine M. Smith and Joan A. Steitz trimethyl guanosine (TMG) cap structure. Phylogenetic
comparison of U3 snoRNAs from various species re-Department of Molecular Biophysics and
vealed conserved sequence elements called boxes CBiochemistry
(UGAUGA/U) and D (CUGA), which are also present inHoward Hughes Medical Institute
the next vertebrate snoRNAs (U8 and U13) to be identi-Yale University
fied. Boxes C and D direct binding of the abundantNew Haven, Connecticut 06536
nucleolar protein fibrillarin, a target of autoantibodies,
and are necessary for the accumulation and stability of
these snoRNAs. Yet, as more snoRNAs were discov-
Biologists have known for decades that the nucleolus
ered, not all exhibited the hallmarks of U3, U8, and U13:
is the compartment of the eukaryotic cell most densely
some possessed an unmodified terminal 59 monophos-
packed with RNA. But few would have guessed that, in phate instead of the TMG cap and some lacked the
addition to the ribosomal RNAs (rRNAs) at various characteristic box C and D sequences (Table 1). Prog-
stages of maturation, the nucleolus contains a multitude
ress in assigning functions was made by deletion/rescue
of discrete small RNA molecules. These small nucleolar
experiments in yeast and in Xenopus oocytes. Certain
RNAs, or snoRNAs, are responsible not only for orches- snoRNAs were found to be essential for growth (U3,
trating the cleavage events that cut the long pre-rRNA U14, snR10 [temperature sensitive], and snR30) in yeast
into 18S, 5.8S, and 28S molecules, but also for adding and/or for specific cleavage steps in pre-rRNA pro-
finishing touches to rRNAs as they assemble into the cessing (U3, U8, and U22) in Xenopus. Curiously, dele-
ultimate products of the nucleolus, the ribosomal sub- tion of other yeast snoRNA genes had no detectable
units. These finishing touches include remodeling of cer- effect on growth rate or rRNA maturation (reviewed by
tain rRNA uridines into pseudouridines and tagging of Maxwell and Fournier, 1995).
numerous ribose moieties with methyl groups. The A completely unanticipated mode of biogenesis for
amazing recent realization is that each of these modifi- the particularly small (60±90 nucleotides) and less abun-
cations is directed by its own specific snoRNA that is dant (z104 copies per cell) members of the vertebrate
packaged (as are all small nuclear RNAs) into a ribo- box C/D snoRNA family then emerged (reviewed by
nucleoprotein (snoRNP) particle. Maxwell and Fournier, 1995). Rather than being tran-
Suggesting some important function, methylated and scribed from theirown genes, these snoRNAs are intron-
pseudouridylated residues are confined to the most encoded. Liberated by exonucleolytic processing of ex-
highly conserved portions of rRNA sequences and are cised introns, these stable intronic fragments possess
absent from the discarded regions of pre-rRNA. Verte- 59 monophosphates instead of TMG caps. SnoRNA host
brate rRNAs contain approximately 100 methylated sug- genes most commonly specify proteins involved in
ars, 95 pseudourdines, and 10 methylated bases (Ma- translation or ribosome biogenesis; some prominent ex-
den, 1990), whereas yeast rRNAs exhibit about half as amples are ribosomal proteins, nucleolin, and transla-
many modifications. Eubacteria display a larger number tion factors. A surprising exception is the U22 host gene
of elaborate base modifications and only a few sugar- (UHG), whose spliced exons do not appear to produce
methylated and pseudouridylated residues. The true a protein product; from its introns, however, are released
purpose of these myriad modifications has been unclear U22 and seven other fibrillarin-associated snoRNAs no
though it has been postulated that rRNA modifications longer than 85 nucleotides (Tycowski et al., 1996a).
contribute in subtle ways to ribosome function. Ribose Characteristic of the shorter box C/D snoRNAs is the
methylation may stabilize rRNA by increasing hydropho- presence of extensive sequence complementarity (rang-
bic interaction surfaces; isomerization of uridine into ing from 10 to 21 nucleotides) to highly conserved re-
pseudouridine creates the potential for an additional gions of rRNA. Thus, a snoRNA:rRNA duplex could theo-
hydrogen bond at the N-1 position, which may contrib- retically form upstream of either box D or an internal
ute to rRNA folding. Also mysterious has been the mech- box D sequence, termed D9 (Figure 1A). Following the
anism by which specific rRNA sites are selected for discovery of UHG, a number of approachesÐcreation
modification since no obvious signals, either consensus of a human intron-encoded RNA library (Kiss-Laszlo et
sequences or local secondary structures, are apparent. al., 1996), database searches for species with boxes C
The answer, we now know, lies in simple base pairing. and D as well as complementarity to rRNA (Nicoloso et
A snoRNA exhibits extensive complementarity to the al., 1996), and electrophoretic isolation from HeLa cells
rRNA sequence flanking the nucleotide to be modified (Tycowski et al., 1996b)Ðwere employed to identify over
and directs, according to its class, either sugar methyla- 30 new examples of the so-called antisense snoRNAs.
tion or pseudouridylation. The first tenuous link between snoRNPs and rRNA 29-
The story of snoRNPs began leisurely, but has accel- O-methylation was provided by Tollervey et al. (1991),
erated with a recent flurry of activity (reviewed by Max- who reported that certain mutations in the yeast fibril-
well and Fournier, 1995). The first snoRNA to be identi- larin homolog (NOP1) resulted in undermethylation of
fied was mammalian U3, named as the third uridine-rich pre-rRNA. However, it was not until sites of ribose meth-
small RNA of the nucleus. At z2 3 105 copies per cell ylation were correlated with snoRNA complementarity
and z210 nucleotides in length, U3 is similar to the that box C/D snoRNAs were strongly implicated as
guides for 29-O-methylation of rRNA (Bachellerie et al.,snRNAs of the spliceosome in that it possesses a 59
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Figure 1. Antisense snoRNAs Direct Site-
Specific Modification of rRNA According to
Their Class
Box C/D (A) and box H/ACA (B) snoRNAs are
depicted in purple. Box C (AUGAUGA), box
D9 (internal CUGA), box D (terminal CUGA),
box H (ANANNA), and box ACA are indicated
in green; 39 end of box H/ACA snoRNA is
exactly 3 nucleotides downstream of box
ACA. rRNA sequences targeted for 29-O-
methylation (29OMe) or pseudouridylation (Y)
are presented in red.
1995) (Figure 1A). Sites of sugar methylation were found H/ACA snoRNAs were found to be nonessential for
growth (Balakin et al., 1996; reviewed by Maxwell andto lie within an rRNA sequence that could potentially
Fournier, 1995).base pair to a snoRNA, an invariant 5 nucleotides up-
Based on the involvement of the box C/D snoRNAsstream of box D or D9 (Kiss-Laszlo et al., 1996; Nicoloso
in ribose methylation, it was reasonable to suspect thatet al., 1996). Not long after this compelling observation
the box H/ACA snoRNAs might function similiarly aswas made, the laboratory of T. Kiss demonstrated that
guides for pseudouridylation. Previous psoralen cross-deletion of the gene encoding U24 snoRNA in yeast
linking studies had demonstrated that some vertebrateresulted in loss of methylation at the predicted site;
box H/ACA species (U17, E2, and E3) interact with highlymethylation could then be restored upon ectopic ex-
conserved regions of rRNA (Rimoldi et al., 1993). How-pression of U24 (Kiss-Laszlo et al., 1996). Moreover,
ever, since extensive complementarity to rRNA wasrestoring methylation using a U24 construct with one
lacking, it was not obvious how specific rRNA basesnucleotide inserted just upstream of box D displaced
could be selected for pseudouridylation. In a recent is-the site of rRNA methylation by one nucleotide. Rescue
sue of Cell, Ni et al. (1997) reported the first breakthroughof U25-depleted Xenopus oocytes with a human U25
by successfully correlating 8 of 16 box H/ACA snoRNAssnoRNA transcript confirmed the conserved nature of
with specific rRNA pseudouridylation events using yeastthe methylation machinery (Tycowski et al., 1996b).
strains from which individual snoRNAs have been de-Transfection of a U20 construct with altered comple-
leted. Inspection of these eight sequences and theirmentarity to rRNA into HeLa cells had the capacity to
rRNA targets revealed a short (5±9 nucleotides) region ofdirect methylation of a normally unmethylated region of
uninterrupted complementarity, termed domain A, justrRNA (Cavaille et al., 1996). Together, these experiments
downstream of each site of pseudouridylation in thedemonstrated that the primary determinants of site se-
rRNA sequence. Evidence for basepairing between do-lection for rRNA methylation are the sequence of the
main A and rRNA was obtained by demonstrating thatantisense region of the snoRNA and a defined distance
mutating two of six complementary nucleotides in do-
from the box D (or D9) element.
main A of snR8 abolished pseudouridylation.While the detailsof antisense-mediated 29-O-methyla-
In this issue of Cell, Ganot et al. (1997b) close the gap
tion were unfolding, Balakin et al. (1996) successfully
by suggesting an elegant mechanism for the action of
classified those snoRNAs that lacked boxes C and D.
box H/ACA snoRNAs in guiding site-specific pseudouri-
With the exception of the MRP RNA, these snoRNAs
dylation of rRNA. Their approach was 2-fold. First, they
were found to be related by a common 39 terminal ACA realized that thesequences of 17 box H/ACA snoRNAsÐ
sequence (Table 1). Included in this new class are derived from their human intron-encoded RNA library
the intron-encoded human U17, U19, U23, E2, and E3 (Kiss-Laszlo et al., 1996)Ðcould fold into a common
snoRNAs. Structural probing and comparison of numer- hairpin-hinge-hairpin-tail structure (Figure 1B) (Ganot et
ous human and yeast ACA-containing snoRNAs re- al. 1997a). Furthermore, they found that all box H/ACA
vealed a compact fold of two or more stem-loops. For snoRNAs could adopt this core motif. Previously deter-
all structures investigated,a variantACA sequence (con- mined yeast and vertebrate structures had been mis-
sensus ANANNA) is located in a hinge region (termed leading since they possess additional hairpin loops dec-
box H; Ganot et al., 1997a) and, like the terminal ACA orating the common fold. Second, Ganot et al. (1997b)
element, is found unpaired at the base of the upstream made the important observation that mammalian pseu-
stem-loop. Experiments in yeast (Balakin et al., 1996) douridylation requires rRNA sequences both preceding
and HeLa cells (Ganot et al., 1997a) demonstrated that and following the site of pseudouridylation. Armed with
the two conserved boxes are necessary for accumula- this information, they searched box H/ACA snoRNAs
tion and stability of the so-called box H/ACA snoRNAs, for short segments of potential basepairing to rRNA.
and are also required for binding of the yeast Gar1 pro- Strikingly, superposition of these segments on the hair-
pin-hinge-hairpin-tail core structure revealed that, fortein. With the exception of snR10 and snR30, yeast
Minireview
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Table 1. Characteristics of Small Nucleolar RNAs
Human snoRNAs
snoRNA Box Elements Functiona Associated Proteinsb rRNA Duplexc Intron Encoded
U3 C/D Cleavage Fb 1 2
U8 C/D Cleavage Fb 2 2
U13 C/D ND Fb 2 2
U14 C/D Cleavage/29OMe Fb 1 1
U15-U16 C/D 29OMe Fb 1 1
U17 H/ACA ND ? 2 1
E2,E3 H/ACA C ? 1 1
U18 C/D 29OMe Fb 1 1
U19 H/ACA C ? 1 1
U20-U21 C/D 29OMe Fb 1 1
U22 C/D Cleavage Fb 2 1
U23 H/ACA C ? 1 1
U24-U63 C/D 29OMe Fb 1 1
U64-U72 H/ACA C ? 1 1
MRP Ð Cleavage Th/To 2 2
Yeast snoRNAs
snoRNA Box Elements Functiona Associated Proteinsb rRNA Duplexc Essential in Yeast
U3 C/D Cleavage Fb 1 1
U14 C/D Cleavage/29OMe Fb 1 1
U18 C/D 29OMe Fb 1 2
U24 C/D 29OMe Fb 1 2
snR3 H/ACA C Gar1 1 2
snR4 C/D ND Fb 2 2
snR5 H/ACA C Gar1 1 2
snR8 H/ACA C Gar1 1 2
snR9 H/ACA ND Gar1 2 2
snR10 H/ACA Ð³ Gar1/SSB1 6 ts
snR11 H/ACA C GAR1/SSB1 1 2
snR13 C/D ND Fb 2 2
snR189 H/ACA C Gar1 1 2
snR190 C/D 29OMe Fb 1 2
snR30 H/ACA Cleavage Gar1 2 1
snR31-snR36 H/ACA C Gar1 1 2
snR37 H/ACA C Gar1 1 2
snR38-snR41 C/D 29OMe Fb 1 2
snR42 H/ACA C Gar1 1 2
snR43 H/ACA ND Gar1 2 2
snR44 H/ACA C Gar1 1 2
snR45 C/D ND Fb 2 2
snR46 H/ACA C Gar1 1 2
snR47-snR48 C/D 29OMe Fb 1 2
snR49 H/ACA C Gar1 1 2
MRP Ð Cleavage POP1/SNM1 2 1
a Cleavage of pre-rRNA, ribose methylation of 29 hydroxyl groups (29OMe), pseudouridylation (C), function not yet determined (ND).
b Human homolog of yeast Gar1 has not been identified (?); fibrillarin (Fb), Th/To autoantigens.
c Despite conforming to box C/D or box H/ACA consensus structures, complementarity of U17, snR4, snR9, and snR13, snR37, snR43, snR45,
to rRNA is not apparent; U3 exhibits complementarity to the 59 external transcribed spacer and 18S.
³ Ni et al. (1997) report snR10 functions in C while Ganot et al. (1997b) report snR10 does not conform to the box H/ACA consensus structure;
snR10 temperature sensitive (ts) mutation results in rRNA cleavage defects (see Maxwell and Fournier, 1995).
over 30 box H/ACA snoRNAs, two short regions of com- to rRNA were more elusive for box H/ACA snoRNAs than
for their box C/D counterparts. Specifically, a chemicalplementarity to rRNA, flanking the site of pseudouridyla-
tion, invariably position the residue to be isomerized at alteration as dramatic as pseudouridylation is nearly
impossible to imagine with the uridine to be isomerizedthe base of the upper stem (Figure 1B). Furthermore,
the distance between box ACA or H and the so-called buried within an RNA duplex. Despite this difference, a
number of intriguing parallels can be drawn betweenªpseudouridylation pocketº is almost always 15±16 nu-
cleotides. the two modification machineries. All box C/D and box
H/ACA antisense snoRNAs fold into bimodal structuresEukaryotes have therefore devised an elaborate RNA-
directed modification mechanism rather than synthesizing with their regions of complementarity to rRNA located
within the 59 and/or 39 half of the molecule. In mostsite-specific protein methylases and pseudouridylases.
Given the difference in the targetsof 29-O-methylation and cases, only one of the tandem units directs modification;
however, some snoRNAs exhibit complementarity topseudouridylationÐone being the sugar and the other
the baseÐit is not surprising that the complementarities rRNA at both potential sites. In particular, snR5, snR189,
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snR34, snR44, E2, U65, and U69 (box H/ACA snoRNAs), vision of the nucleolus in which the nascent pre-rRNA
molecules are caught in a blizzard of snoRNPs. The hugeand U24, U32, U36, U45, and U50 (box C/D snoRNAs)
may each direct modification at two different, but pre-rRNA (z13,000 nucleotides in human) is methylated
and pseudouridylated early (Maden, 1990),perhaps con-not necessarily proximal, sites in rRNA (Ganot et al.,
1997b; Nicoloso et al., 1996). Moreover, both classes of comitant with transcription, while internal cleavages are
delayed until it is fully synthesized. With an averagesnoRNAs possess two conserved sequence elementsÐ
boxes D or D9 and boxes H or ACAÐwhich appear to of z15 nucleotides complementary to rRNA, the z200
snoRNAs coat almost half (3000 nucleotides) of the ma-function as molecular measuring devices, targeting
modification a fixed distance away; in addition, the up- ture rRNA sequences (z7000 nucleotides in 18S, 5.8S,
and 28S). Since the most highly conserved regions ofstream boxes (H and D9) appear to be variant versions
of the terminal box ACA and box D sequences. rRNA are involved in these duplexes, the rRNAs cannot
assume their final architecture until after the snoRNAsDespite significant advances in elucidating precisely
how snoRNAs dictate the sites of rRNA modification, have dissociated. Much like the scaffolding that needs
to be removed before the grand opening of a new build-almost nothing is known of the enzymology. Assuming
that proteins rather than snoRNAs are the catalytic ing, antisense snoRNPs provide the framework for the
ensuing cleavage, folding, and assembly of rRNA intoagents, the methylases and pseudouridylases could be
either tightly bound snoRNP proteins or transiently as- the mature large and small ribosomal subunits.
sociated factors. Our knowledge of nucleolar proteins
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Another mysterious aspect of antisense snoRNAs is Kiss-Laszlo, Z., Henry, Y., Bachellerie, J.-P., Caizergues-Ferrer, M.,
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intron-encoded while others are transcribed from inde- Maden B.E.H. (1990). Prog. Nucleic Acids Res. 39, 241±303.
pendent genes or are processed from polycistronic Maxwell, E.S., and Fournier, M.J. (1995). Annu. Rev. Biochem. 64,
897±934.arrays (reviewed by Maxwell and Fournier, 1995). In ver-
tebrates, there is never more than one snoRNA per in- Ni, J., Tien, A.L., and Fournier, M.J. (1997). Cell 89, 565±573.
tron, but multiple introns of a particular gene may con- Nicoloso, M., Liang-Hu, Q., Michot, B., and Bachellerie, J.-P. (1996)
J. Mol. Biol. 260, 178±195.tain snoRNA sequences. Surprisingly, the host gene for
a particular snoRNA can differ even among closely re- Rimoldi, O.J., Raghu, B., Nag, M.K., and Eliceiri, G.L. (1993). Mol.
Cell Biol. 13, 4382±4390.lated organisms; moreover, variant snoRNA sequences
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Natl. Acad. Sci. USA 93, 14480±14485.Now that each antisense snoRNA can be correlated
with a specific site of rRNA modification, it should be
possible to identify functionally equivalent snoRNAs in
yeast and vertebrates. Previously only U3, U14, and
MRP snoRNAs, which are remarkably conserved among
eukaryotes, have been amenable to both geneticmanip-
ulation in yeast and analysis in higher vertebrates. Curi-
ously, the few species that lack obvious complementar-
ity to rRNA (U8 and U22 in vertebrates and snR30, and
possibly snR10, in yeast) are the snoRNAs most inti-
mately connected to the coordinated cleavages that
separate the 18S, 5.8S, and 28S sequences from the
long transcribed spacer regions. Understanding the
mechanisms of action of these remaining snoRNPs is
now among the most challenging problems in the study
of ribosome biogenesis.
Overall, the recent findings reviewed here evoke a
